A B S T R A C T The proposal that diastolic coronary flow is regulated by an intramyocardial "back-pressure" that substantially exceeds coronary venous and ventricular diastolic pressures has been examined in an open-chest canine preparation in which instantaneous left circumflex pressure and flow could be followed to cessation of inflow during prolonged diastoles. Despite correlation coefficients consistently >0.90, pressureflow data during individual diastoles were concave to the flow axis before and during pharmacologically induced maximum coronary vasodilation. Data were better fitted (P < 0.01) by second-order equations than by linear equations in >90% of cases. Second-order pressure-axis intercepts (Pf=o)l averaged 29±+7 (SD) 
A B S T R A C T The proposal that diastolic coronary flow is regulated by an intramyocardial "back-pressure" that substantially exceeds coronary venous and ventricular diastolic pressures has been examined in an open-chest canine preparation in which instantaneous left circumflex pressure and flow could be followed to cessation of inflow during prolonged diastoles. Despite correlation coefficients consistently >0.90, pressureflow data during individual diastoles were concave to the flow axis before and during pharmacologically induced maximum coronary vasodilation. Data were better fitted (P < 0.01) by second-order equations than by linear equations in >90% of cases. Second-order pressure-axis intercepts (Pf=o)l averaged 29±+7 (SD) mm Hg before vasodilation and 15+2 mm Hg during vasodilation; left and right atrial pressures were always substantially lower (8±3 and 5±2 mm Hg before vasodilation and 8±2 and 4±1 mm Hg during dilation). Values of Pf=o before vasodilation varied directly with levels of coronary inflow pressure. A modification of the experimental preparation in which diastolic circumflex pressure could be kept constant was used to evaluate the suggestion that Pf=o measured during INTRODUCTION Traditional views of coronary driving pressure and resistance have been called into question by Bellamy's retrospective analysis of records of instantaneous coronary pressure and left circumflex inflow during single diastoles in chronically instrumented dogs with low resting heart rates (1) . Under semibasal conditions the relationship between diastolic inflow and coronary inflow pressure was felt to be linear over the range of pressure studied; extrapolation of the pressure-flow line gave a zero-flow pressure-axis intercept (Pf=o) of 40-50 mm Hg. The latter finding suggests a "backpressure" to flow ofhitherto unsuspected magnitude in the normal coronary bed, and implies that coronary driving pressure-considered as the difference between inflow pressure and the minimum pressure required for forward flow during diastole-has been overestimated seriously in previous studies. Additional observations in four animals during reactive hyperemia, and in a single animal during adenosine infusion, indicated that Pf=o can fall at least to 20 mm Hg in response to vasodilatory stimuli. Since most diastoles were <2 s in length during these latter studies, the degree of extrapolation required at high flows to obtain Pf=0 was larger than under basal conditions. Systematic studies of Pf=o during steady-state maximum coronary vasodilation were not reported.
Since the relationship between circumflex inflow and pressure represents a summation of relationships in multiple downstream parallel channels, the linearity of the relationship observed by Bellamy is in some respects surprising. Transmural differences in zeroflow pressure have been suggested by two recent studies (2, 3) and would be expected to produce curvilinearity of the pressure-flow relationship as inflow approaches zero. If the value of Pf=o obtained from the measurement of total inflow represents the lowest detectible Pf=o among a family of Pf=o, overall conductance should decrease as vascular channels with higher Pf=p drop out of the inflow measurement.
Autoregulatory changes in resistance, passive changes in distending pressure and/or intravascular volume, changes in apparent viscosity at low flow rates, and other factors might also affect the overall pressure-flow relationship during a long diastole.
These and other potential limitations in the interpretation of Bellamy's provocative data have been carefully pointed out by Bellamy (1, 4, 5) , and others (6) 
METHODS
The experimental preparation is outlined in Fig. 1 . Mongrel dogs anesthetized with pentobarbital underwent left thoracotomy and had pacing electrodes sewn onto the right ventricle. Heart block was produced by formaldehyde injection into the atrioventricular node (8) following bilateral vagotomy, and the ventricles paced at 100 beats/min.
Mean and phasic left circumflex (LC) arterial inflow were measured continuously. In -60% of the animals studied, the LC was cannulated directly and perfused through a circuit of rigid tubing originating in the left subclavian artery and incorporating an in-line electromagnetic flow probe and short segment of tubing, which could be occluded for recording flowmeter zero. The flow probe was used in conjunction with a sine-wave flowmeter (model BL-613, Biotronex Laboratory, Kensington, Md.). In the remaining animals (upper right inset in Fig. 1 ), measurements were made with a cuff-type electromagnetic flow probe and the same sine-wave flowmeter; a cuff-type pneumatic occluder was positioned downstream to the probe for determination of flowmeter zero. Each probe was carefully fitted to the LC, with zero base-line levels required to be stable < +3 ml/min on repeated inflation of the occluder. In all animals downstream LC pressure was measured directly through a cannula inserted into a small epicardial branch of the LC or the distal LC itself.
A large-bore tube was positioned in the aorta and connected to a Y-tube. One arm of the tube led to a reservoir kept at a preselected height so that fluctuations in systolic pressure during the course of an experiment were minimized. The second arm was ordinarily clamped but could be vented to the atmosphere during long diastoles (at a rate controlled by a screw clamp), as outlined below. Thoracic Because preliminary studies indicated that values of Pf-. were sensitive to alterations in systemic pressure, initial studies were confined to animals stabilizing at a systolic pressure of 2100 mm Hg after the experimental preparation had been completed. At the time of each pressure-flow determination, the arm of the aortic Y-tube leading to the elevated reservoir was clamped and the pacemaker tumed off at endexpiration. Because of normal postpacing suppression of spontaneous ventricular escape (9, 10), a diastole lasting 2-8 s ensued. In the majority of determinations, the second arm of the aortic Y-tube was vented to the atmosphere at the onset ofthe long diastole to obtain a sufficiently large decrease in LC pressure to ensure that LC inflow reached zero before ventricular escape. In most cases, ventricular escape was also delayed by administration of lidocaine. Values for all hemodynamic parameters, including instantaneous LC flow and pressure (PLC), were digitized at 10-ms intervals throughout each long diastole and the six cardiac cycles immediately preceding it, and stored for later analysis. A mechanical flowmeter zero recording obtained during the first few seconds after each prolonged diastole was digitized similarly and used for the quantitation of flows during the long diastole and the six cardiac cycles immediately preceding it.
Prolonged diastoles were studied repeatedly at constant systemic pressure and a ventricular pacing rate of 100 in 27 animals. Nine of these animals were also studied during Digitized values for LC pressure and flow were processed on a PDP-8 computer (Digital Equipment Corp., Maynard, Mass.) To minimize capacitive effects of refilling of vessels compressed during the previous systole, the onset of diastole was arbitrarily taken as 100 ms after left ventricular pressure fell to 40 mm Hg duting ventricular relaxation. Individual 10-ms data points were smoothed by correcting each point to the average of itself and the two points immediately preceding and following. Points for further analysis were selected at pressure decrements of 0.5 mm Hg (to avoid undue weighting of data collected during the later portions of diastole, when rates ofchange of pressure and flow were decreasing). These points were then subjected to linear-and second-order analysis with standard least squares curve-fitting techniques (and excluding data points occurring after LC inflow reached or passed through the zero-flow level). The equation forms used were y = aX + b and Y = aX2 + bX + c. The reduction in sum of squares associated with the second-order fit was tested against the mean-square remaining after second-order regression in an f test, P < 0.01 being taken as the level at which the second-order fit was justified (11) .
The lower right inset in Fig. 1 illustrates the modification of the experimental preparation used to evaluate capacitive effects during long diastoles by comparing values of Pf=0 determined during variable-and constant-pressure LC perfusion. The LC was cannulated directly and, with paired solenoid valves, could be perfused from either the aorta (through the left subclavian artery) or a constant-pressure reservoir. Instantaneous LC inflow was again monitored with an in-line electroinagnetic flow probe. LC pressure down-stream to the cannula was measured directly in the usual fashion. Before each experimental determination, the LC was perfused from the aorta in the usual fashion. Pressure-flow relationships obtained from single postpacing diastoles during aortic perfusion were compared with the similar relationship defined by a series of points obtained by switching from aortic to reservoir perfusion at the onset of each of a series of long diastoles in which preselected reservoir pressures were varied. During diastoles with aortic perfusion (variable inflow pressure), the vent arm of the aortic Y-tube was again opened to the atmosphere to ensure that LC inflow reached zero. For postpacing diastoles with reservoir perfusion (constant inflow pressure), the solenoid in the coronary perfusion circuit connecting to the aorta was closed and the solenoid connecting to the constantpressure reservoir opened during the first 0.2 seconds of diastole. Although perfusion pressure remained constant throughout the long diastole, instantaneous values of LC inflow frequently varied (as described subsequently) and were followed until ventricular escape. Flowmeter zero was measured by occluding LC inflow after each long diastole, and again used for the quantitation of flows during the long diastole and the six normal cardiac cycles preceding it. Single-diastole, variable inflow pressure runs were interspersed with the several constant-pressure runs required to construct each constant-pressure relationship. Comparisons of variable-and constant-pressure relationships were attempted only when aortic systolic pressures immediately before each of the several runs required for the comparison varied by no more than 15 mm Hg.
RESULTS
Data from 27 animals studied at normal coronary inflow pressure before coronary vasodilation are presented in Table I Representative pressure-flow data obtained in a single animal during long diastoles with constant-pressure reservoir perfusion (before vasodilation) are shown in Fig. 8 indicated that Pf=O was substantially higher than intracavitary pressures in this preparation as well as in the conscious, chronically instrumented animal. The production of diastoles sufficiently long for inflow to reach zero was facilitated by heart block, since infranodal pacemakers commonly take a few seconds to emerge after cessation of ventricular pacing (9, 10) . When necessary, emergence of these pacemakers could be delayed further by administration of lidocaine. Aortic venting during the long diastole was an additional useful measure. Preparations were discarded if they showed evidence of progressive coronary dilation, as manifest by spontaneous decreases in Pf=O and increases in coronary inflow in the face of a stable aortic pressure. The direct measurements of PLJC avoided any effects of differences between aortic and LC pressure contours. Attention was also paid to potential limitations of the electromagnetic measurement of inflow velocity in the acute preparation. Despite the precautions outlined in Methods, acutely applied cuff-type probes remain subject to effects of decreasing vessel diameter as inflow pressure falls during a long diastole. Two lines of evidence suggest that such effects did not importantly affect results in animals in which cuff-type probes were used: (a) values of Pf=O and the shape of the pres-sure-flow relationship were similar in the -60% of animals in which the LC was perfused through an external circuit and inflow was measured by an in-line, cannulating-type flow probe; and (b) simultaneous recordings of LC inflow with cannulating and cuff-type probes in three animals did not differ detectibly. Possible curvilinearity of diastolic pressure-flow relationships was examined more systematically in the present studies than previously (1, 4, 5, 12) . This evaluation was facilitated by routinely collecting data to the point of inflow cessation, and by having sufficient data in individual diastoles to avoid the need to use pooled data from several diastoles in constructing pressure-flow relationships. In our preparation, pressure-flow data showed consistent concavity to the flow axis as inflow pressure decreased. Since this curvilinearity was similar before and during maximum coronary vasodilation, it cannot be attributed entirely to changes in vascular smooth muscle tone (6) Tables I and II, left ventricular pressure increased by only 0.9±0.8 mm Hg. These increments are small and might be expected to produce convexity rather than concavity to the flow axis.
The substantial decreases in Pf=o associated with vasodilation suggest that vascular smooth muscle tone has an important role in the genesis of Pfo in the normally reactive coronary bed. The correlation of Pf=o with inflow pressure in such a bed (Figs. 4 and 5) is compatible with the concept that changes in Pf=o play a role in adjustments of coronary flow resulting from changes in systemic hemodynamics and other physiological interventions. In the example shown in Fig. 4 , Pf=o decreased without a substantial change in the slope of the pressure-flow relationship, which suggests that diastolic driving pressure was preserved while vascular resistance was unchanged. While this illustration is not intended to minimize the predominance of changes in resistance in physiological adjustments of coronary flow, it suggests that previously unappreciated changes in driving pressure can also be involved. The magnitude of such changes in individual situations requires further evaluation.
The fact that Pf=o during maximum vasodilation remained higher than intracavitary diastolic pressures verifies that factors other than vascular smooth muscle tone are also involved in its genesis. These latter factors are probably related to diastolic tissue pressure(s) in the immediate vicinity of the vascular loci of Pf=o. Measurements of intramyocardial pressure are notoriously difficult (14) , with different findings having been reported with different experimental preparations and techniques. An important additional factor is that local stresses in the immediate vicinity of vascular structures need not be reflected in measurements of tissue pressure involving larger areas of the myocardial wall (4 Table III. As mentioned earlier, the primary goal of the present study was to establish more clearly whether Pf=o is higher than traditionally thought. Although observations during prolonged diastoles remain subject to unappreciated limitations of experimental design, we do not presently identify reasons why usual in vivo values of Pf=0 might be lower than those observed here. Even ifcircumstances during the latter portion ofa long diastole differ from those during a normal length diastole, the initial portion of the pressure-flow relationship during a long diastole is identical to that pertaining during normal diastoles. As illustrated in Fig. 10 , extrapolation ofpressure-flow data for a normal length diastole to the pressure axis gives values of Pf=o that are substantially higher, rather than lower, than those reported here. In addition, resistance calculations in which Pf=o is taken as right or left atrial pressure assume a linear pressure-flow relationship that has a distinctly smaller slope than that defined by a linear fit to directly measured values of pressure and flow during the normal length diastole. For atrial pressure to be the correct value of Pf=o, one must postulate that instantaneous values of inflow during normal diastoles are augmented substantially by capacitive and/or inertial effects. Although further studies addressing this possibility are desirable, data of the type illustrated in Fig. 9 do not indicate systematically lower values of flow with constantpressure perfusion than variable-pressure perfusion at pressures >60 mm Hg. We therefore interpret the preponderance of current evidence as indicating that there is a substantial back pressure to flow within the normally functioning coronary bed, and that Pf=0 is an important determinant of coronary perfusion that has been incompletely appreciated. Fundamental mechanisms underlying Pf=O remain to be clarified but probably involve both factors related to, and independent of, 
